hours. One hundred 16-ounce bottles containing 50 ml. agar were each inoculated with 1 ml. of the heavy suspension from the agar slants and incubated for 48 hours at 37 C. The organisms were washed from the bottles with saline, filtered through 4 layers of gauze, pooled and centrifuged at 3000 rpm for 45 min. The supernatant was discarded and the bacterial sediment resuspended in 40 ml. of sterile distilled water. If "crude" endotoxin was to be prepai-ed, this material was placed in 20 ml. drug vials and heated to 56 C. for 60 min., shaking everj ' 7 min. In preparation of the purified endotoxin the following steps were taken: the resus-Ijended bacterial sediment was chilled to 4 C. and added to a 500 ml. Erlenmeyer flask in ice which contained an equal volume of 0.5 N trichloracetic acid. The mixture was agitated in a Kahn shaker at 260 strokes/min. for 2 hours and then allowed to stand at 4 C. for 2 hours. The mixture was then centrifuged at 3000 rpm for 45 min. and the sediment re-extracted twice with water; following which dialysis against running tap water was performed for 24 to 36 hours. The dialysate was filtered through a Seitz clarifying filter, absolute ethyl alcohol was added to the filtrate so that the final concentration of alcohol was 68 per cent of the total by weight. The mixture was allowed to stand for 18 to 24 hours at 4 C, then centrifuged at 2000 rpm. The supernatant was discarded and the endotoxin washed with 95 per cent ethyl alcohol, with ether and then dried with negative pressure over a desiccant. The endotoxin was suspended in sterile saline at a concentration of 8 mg./ml. and stored at 4 C. The yield from this procedure varies between 150 and 250 mg. of endotoxin if Br. melilensis is extracted and 350 to 400 mg. for E. coli. The MLD 50 ranges between .25 and .50 mg when the test animal is the white male ABC mouse for E. coli and between .50 and 1.2 with Br. melitensis. Approximately 300 billion organisms of Br. mditensis yield 1 mg. of endotoxin by this method. The purified endotoxin is histamine-free.
Experimental Procedure. Adult mongrel dogs were anesthetized with sodium pentobarbital, 30 mg./Kg. An initial experiment was conducted on anesthetized dogs with continuous recording of femoral artery pressure and ]X>rtal vein pressure via a tributary of the splenic vein. Catheters were polyethylene of 1.5 to 3.0 mm. internal diameter. Pressure recordings were made using calibrated Statham strain gage manometers with optimal damping and a Stillborn polyviso recorder.
A second experiment designed to study the importance of the mesenteric vascular bed in the hemodynamic changes observed entailed the following:
1. Evisceration 1. Excision of the stomach, small intestine, large intestine to the rectum, pancreas, spleen and liver. A glass cannula, lined with silicone, was inserted into the infeiior vena cava from below to above the liver and tied in place prior to excision of the liver. In the majority of these experiments, following excision of the stomach and intestine, the hepatic artery was ligated but the liver not removed. The blood supply to the stomach and intestine was ligated at the aorta prior to excision.
2. Evisceration 2. Same as 1. These animals were not given endotoxin but were observed for changes in blood pressure over a prolonged period of time.
3. Evisceration 3. Same as 1 except with preservation of liver and blood supply from hepatic artery. 4. Evisceration 4. Excision of the stomach, small intestine, large intestine to the rectum, pancreas, and spleen and occlusion of the hepatic artery with a noncrushing clamp for 1 to 5 min. prior to injection of endotoxin and continuously until 1 to 5 min. after endotoxin injection, then released. 5. Eck '8 fistula with ligation of the hepatic artery or excision of the liver. The portal vein and inferior vena cava below the liver were exposed. A glass cannula lined with silicone with a side arm was used to make the fistula. If the liver also was excised a cannula of sufficient length to extend to the inferior vena cava above the liver was used. The portal vein was ligated and divided at the liver. The free end was tied over the side arm of the cannula which was then inserted into the inferior vena cava. Adequate flow in the cannula was ascertained by the immediate return of blood pressure to normal, immediate fall in portal vein pressure being monitored from the splenic vein and the observation of blood flow in the cannula.
RESULTS
Experiment 1 (7 dogs). The intravenous administration of purified endotoxin from E. coli to anesthetized adult, mongrel dogs with continuous record of femoral artery pressure and portal vein pressure.
The results are summarized in table 1 and figure 1. All animals were given 5 mg./Kg. of purified endotoxin into the femoral vein. A precipitous fall in arterial pressure occurred within 1 min. and reached a minimum within 3 min. in all 7 dogs. Simultaneously, a marked rise in portal vein pressure occurred in all dogs. The portal vein pressure started to return to normal within 5 min. of the initial elevation and, coincident with this lowering, the systemic artery blood pressure rose, but in no case was there a return to the preinjection level.
Autopsy examination was performed on these dogs as well as on a larger group upon which pressure records were not made, some of which did not receive anesthesia. Almost without axception, if the animals lived longer than 1 hour after the intravenous injection of endotoxin, extensive lesions were found in the gastrointestinal tract. The gross lesions noted were striking edema of the gall bladder, edema of Peyer's patches and lymphoid follicles of the small intestine, submucosal hemorrhage of the small intestine most marked in the duodenum, intraluminal hemorrhage and mucosal congestion. Similar findings, to a lesser degree, were also found in the colon. The small intestine in some cases was in a confluent, hemorrhagic state from the pylorus to the ileocecal valve. The serosal appearance was quite normal in even the most severely involved bowel and did not allow one to anticipate the mucosal pathology present. A membrane which assumed the configuration of the mucosal pattern and could easily be wiped from the bowel was frequently encountered. This membrane was occasionally excreted by the dog and assumed the appearance of intestinal mucosa in the excreta. An intact mucosa was always discovered beneath this membrane. The liver appeared congested grossly.
Abnormal microscopic findings were confined to the abdominal viscera. In the liver the central veins were congested with blood with slight hemorrhage in the surrounding liver parenchyma. Early necrosis and vacuolations surrounded many central veins suggesting previous congestion of a severe nature.
The entire small intestine showed extensive congestion of the mucosal and submucosal vessels with hemorrhage and slough of portions of the mucosa at the surface. A membrane covered the surface of the small intestine which consisted of necrotic debris, blood, mucus and fibrin. Massive subserosal edema of the gall bladder was invariably present. Congestion and hemorrhage in the submucosal region of the gall bladder was also observed. A frequent finding was that of hemorrhagic lymph nodes obtained from the small intestinal mesentery. Hyaline thrombi were found in small arterioles, venules and capillaries in the submucosa of the intestine. Hemorrhage into the adrenal glands was an unusual finding.
Experiinent 2: Evisceration 1. (S dogs). The elevation of portal vein pressure coincident with systemic blood pressure drop suggested that blood was being trapped in the splanchnic viscera. The possibility that the immediate and precipitous decline in blood pressure previously noted could be avoided by evisceration was explored in this experiment. The results of injection of purified E. coli endotoxin 5 mg/Kg. into the femoral vein of these animals is summarized in table 2 and figure 2. The immediate and precipitous drop in blood pressure noted * Dogs IB and 2B had liver excisod, the remaining dogs had hepatic artery ligated but liver left in situ., all had stomach and small and large intestine resected. Fia. 2. Dog 4B. Femoral artery pressure tracing of eviscerated dog (intestine, spleen, pancreas and liver excised). The precipitous decline in blood pressure observed in the intact animal is not apparent (see fig. 1 ); but a subsequent shock state ensued within 20 min. in the animals of experiment 1 was not observed. Injection of E. coli endotoxin into eviscerated animals had no detectable effect on blood pressure until from 5 to 20 min. following injection, after which a slow progressive decline in blood pressure occurred with death in from 20 min. to 2 hours, 35 min. This is in marked contrast with the results of experiment 1 where a recovery in blood pressure invariably occurred after the initial drop and all animals were sacrificed 2 hours, 45 min. or more following injection. Four of the 7 animals in experiment 1 had blood pressures within normal limits at the time of sacrifice even though this was as long as 5 hours following the injection of endotoxin. The average duration of life after administration of endotoxin in the eviscerated animals was 49 min.
Evisceration 2. (4 dogs). This experiment was performed to establish the significance of the prompt death from endotoxemia following hepatectomy. The animals were observed over a prolonged period for blood pressure changes. A summary of results is pi"esented in Femoral artery pressure record of a dog who received E. coli endotoxin at "injection." The intestine, spleen and pancreas had been previously excised but the liver with the blood supply via the hepatic artery was intact. The presence of the liver only appears necessary for the precipitous blood-pressure drop. expired in from 20 min. to 2 hours, 35 min. In contrast, the animals in the present group, which were eviscerated but did not receive endotoxm, were sacrificed at from 5 to 6.2 hours. A normal blood pressure with little change from the control was observed in 3 of 4 experiments over this period of observation. that noted in the normal group with the exception that the response was slightly delayed in 2 of the 6 dogs. A return toward normal blood pressure was noted following the initial precipitous drop in blood pressure. Evisceration 4-(5 dogs). The importance of the liver compared to other abdominal viscera in producing shock observed in experiment 3 and the increased lethality of endotoxin in the absence of the liver were further explored in the present experiment. The liver did not receive blood for 1 to 5 min. after the endotoxin injection. A summary of results is illustrated in table 5 and a sample record of this experiment in figure 5. The rapid and precipitous decline of blood pressure .seen in the normal animal and eviscerated dog whose hepatic artery is intact is not observed in this experiment. Whereas rapid death follows the injection of endotoxin into a completely eviscerated dog whose liver is removed or devascularized, a survival indistinguishable from normal exists in the present group. The blood pressure rises slightly upon hepatic artery occlusion and declines suddenly from 25 to 30 nun. Hg upon release of the hepatic artery with immediate return to normal. A subsequent slow decline in blood pressure ensues. of the immediate hypotension observed. This experiment was designed to observe the hemodynamic changes with the liver excluded from the circulation, but the intestine with its blood supply in situ. The results are summarized in table G. The absence of the liver from the circulation prevented the precipitous hypotension and elevation of portal vein pressure noted in the normal dog. These dogs died from 35 min. to 2 hours following injection, again illustrating the increased lethality of endotoxin in the hepatectomized animal. The initial hypotension observed appears to be dependent upon the presence of the liver. DISCUSSION A precipitous drop in blood pressure and elevation of portal vein pressure with hemorrhagic intestinal lesions has been noted in the dog following the intravenous administration of E. coli endotoxin. The role of the liver which appears essential in this response may be due to trapping of blood in this organ or the release of a vasodepressor substance or both. The fact that an elevation of portal vein pressure is present suggests strongly that an increased resistance to outflow through the liver exists, thereby promoting stasis and a loss of circulating blood volume. A sudden drop in blood pressure with other signs of shock has been observed in the human with bacterial infection, transfusion of contaminated blood, or the administration of purified endotoxin (Shear's polysaccharide of S. marcescens) to induce hemorrhage in tumors. Whether the mechanisms responsible for the shock in the dog and human are similar is unknown. It is possible that the hypotension coincident with liver congestion is species specific to the dog. Bauer, Dale, Paulson and Richards 6 have described strong bundles of smooth muscle in the caval end of the hepatic vein of the dog. These do not exist in the human. However, it is unlikely that constriction at this site is responsible for the hepatic congestion observed because no elevation of pressure is recorded from catheters placed 2 to 3 cm. into the hepatic veins from the inferior vena cava. A simultaneously recording portal vein pressure reveals a characteristic rise of 10 to 40 mm. of Hg. Additionally, the elevation of portal vein pressure has been noted in the rat and rabbit following endotoxin injection. Neither of these animals possess hepatic vein sphincters. It has been shown that the entire length of the hepatic veins of the dog are generously supplied with smooth muscle, believed by some to be unique in this animal. 6 Elias and Feller, 7 however, have demonstrated comparable amounts of smooth muscle in the hepatic veins of man. Miyake 8 has observed that the hepatic veins in humans are equipped with a thick muscular coat while the portal branches have very little muscle; a comparable situation exists in the dog. It would appear anatomically possible for the human to react to endotoxin in the same manner as described for the dog.
Eck's Fistula with Either Ligation of the Hepatic Artery at the Liver or Excision of the Liver (S dogs). Experiment 2 and 3 suggested the importance of the liver in the production
The Relationship Between Shock Due to Endotoxin and Anaphylactic Shock in the Dog. Profound hypotension was described with anaphylaxis in the dog as early as 1902 by Richet 2 and following intravenous peptone administration in the clog in 1880 by Schmidt-Muhleim. 8 Biedl and Kraus 4 (1909) first described the remarkable similarity in these reactions. Manwaring 9 in 1910 reported that ligation of the aorta and vena cava above the diaphragm prevented the development of anaphylactic shock in dogs. It was ultimately shown that shock could be prevented by short circuiting the liver from the circulation by Eck's fistula and hepatic artery ligation. It has since been shown that peptone shock and anaphylactic shock are characterized by a release of histamine and heparin from the dog liver.
The intravenous injection of hydatid cyst fluid, or extracts of Ascaris suum will also produce shock in dogs similar in all respects to anaphylactic shock characterized by a marked fall of arterial blood pressure, decrease of coagulability of the blood, thrombocytopenia, leukopenia and engorgement of the liver. If animals recover from shock, produced in any of the ways mentioned (anaphylaxis, injection of peptone, hydatid cyst fluid) the reinjection of the same or double the dose is ineffective in producing the response.
Crude or purified endotoxin from Escherichia coli or Brucella melitensis, and the purified polysaccharide from Serratia marcescens* have been observed to produce reactions which are similar to the above in the following respects: (1) A precipitous fall in blood pressure occurs within 1 min. of intravenous injection; (2) an elevation of portal vein pressure occurs regularly; (3) the precipitous hypotensive reaction can be eliminated by excluding the liver from the circulation either by resecting the gut and liver, the liver alone, or by clamping the hepatic artery with gut resected during the period of injection and shortly thereafter; (4) the microscopic appearance of the liver is one of congestion; (5) leukopenia and thrombocytopenia are observed during the initial phases; (6) hemorrhagic lesions of the intestine are invariably seen; (7) young animals are much more resistant to the lethal, pathologic and circulatory effects; the resistance of young rabbits to the lethal effects of a single intravenous injection of meningococcus toxin has been previously noted; 10 and (8) tachyphylaxis develops.
The possibility that many or all of the reactions observed might be the result of the injection of peptone containing bacterial culture media is not considered possible since buiret negative, purified polysaccharide of Serratia marcescens in quantities as low as 20 ^g./Kg. likewise gives the typical reactions as described. Additionally, E. coli endotoxin obtained from bacteria grown on synthetic media without protein in any form elicits the same reactions.
It would appear that many of the profound biologic effects of endotoxin from gram-negative bacteria are anaphylactic in character. The existence of a hypersensitive state in animals susceptible to these materials has been suggested by Stetson 11 who demonstrated that many of the effects of gram-negative bacterial endotoxins in normal rabbits were the same as • Kindly supplied by Dr. M. J. Shear, National Cancer Institute. 554 SHOCK PRODUCED BY E. coli ENDOTOXIN observed following tuberculin administration to specifically hypersensitive rabbits. This would suggest a previous encounter with endotoxin to account for the reactions produced. We have found young animals resistant to the lethal, circulatory and pathologic effects of endotoxin using the same dose per kilogram of body weight.
Enhanced Lethality of Endotoxin in the Hepatectomizcd Animal. While the initial and profound shock associated with endotoxin could be avoided by excluding the liver from the circulation, the lethal effects were markedly enhanced. This is in contrast to the findings in anaphylactic shock. The lethality of a foreign protein is eliminated by excluding the liver from the circulation in the sensitized dog.
The probability that the liver plays a vital role in the removal of endotoxin from the blood stream is suggested by the investigations of Braude and associates 12 • " who found that Cr M labelled E. coli endotoxin was concentrated in the liver following intravenous administration. It was in the period prior to concentration in the liver that hypotension and diarrhea were noted which could be interpreted as due either to the direct result of undetoxified endotoxin or, as Braude" suggests, the release of a depressor substance by leukocytes.
The intolerance of patients with impaired liver function to bacterial infection is well documented. 14 In cirrhosis, for example, intercurrent infections such as peritonitis, pneumonia and phlebitis have accounted for 25 per cent of deaths in the past. Lockwood 16 studying experimental peritonitis in dogs was able to predict lethality most reliably by the stability of the prothrombin time.
The function of liver in ameliorating the lethal effects of endotoxin would appear to be more than simple phagocytosis since the removal of the spleen, important for this function in the dog, did not influence lethality. Prompt death was noted in those dogs with Eck's fistula, spleen in, but the liver out of the circulation.
A similar dependence on liver function for survival has been noted in hemorrhagic and traumatic shock. Fine and co-workers, 18 after excluding many organs and organ systems to explain the failure of transfusion therapy in hemorrhagic shock, demonstrated an enhanced survival if liver perfusion was maintained. This observation has been confirmed many times by cross circulation or autoperfusion technics. 17 ' 18 Schweinburg 19 has additionally shown an increased susceptibility to endotoxin of the rabbit exposed to hemorrhagic shock.
Other observations suggesting a common final pathway in the shock due to endotoxin injection and hemorrhagic or traumatic shock are an acquired resistance to drum shock in rats similar to acquired resistance to endotoxins, alternating constriction and dilatation of small vessels in the mesentery which have been described in both and typical shock which has been observed following the transfusion of contaminated blood.
Frank, Fine and Pillemer 20 have recently noted a decrease in serum properdin levels in dogs in hemorrhagic shock. This naturally occurring globulin acts, in association with complement and the magnesium ion, as a bactericidal agent, and is believed to be of fundamental importance in resistance. It would be of interest to know if properdin activity is altered by impaired liver function. A depression of serum properdin levels has been noted following the injection of E. coli endotoxin into mice, another point of similarity between hemorrhagic and endotoxin shock.
SUMMARY AND CONCLUSIONS
A pattern of shock induced in the dog by the intravenous injection of E. coli endotoxin was characterized by an immediate and precipitous drop in blood pressure with a simultaneous elevation of portal vein pressure. AVith decline of the portal vein pressure a partial recovery of systemic blood pressure occurred. These findings together with pathologic changes of congestion and hemorrhage in the mesenteric vascular bed suggest that the shock was at least partially due to trapping of blood in the splanchnic vascular bed. The immediate hypotension was avoided by excluding the liver from the circulation either by hepatectomy or devascularization of the liver. The presence or absence of the intestine, spleen, and pancreas did not influence the hypotension produced by endotoxin injection.
The pattern of shock produced by Gramnegative endotoxin resembles anaphylactic shock in that both result in a precipitous fall in blood pressure with elevation of portal vein pressure; this response can be eliminated by exclusion of the liver from the circulation; the liver is congested; hemorrhagic lesions of the intestine are invariably seen; young animals are much more resistant to the lethal, pathological and circulatory effects; and tachyphylaxis develops. Many of the profound biological effects of endotoxin may be anaphylactic in nature.
The lethal effects of endotoxin were enhanced in the absence of the liver which may be related to the poor tolerance to infection of humans with impaired liver function. A similar dependence on adequate liver function for survival noted by others in hemorrhagic and traumatic shock is also believed to be related to an anti-endotoxin function of this organ.
SUMMAEIO IA T I N T E R L I N G U A
Le conformation del choc inducite in canes per le injection intravenose de endotoxina de Escherichia coli esseva characterisate per un immediate e precipite reduction del pression sanguinee con simultanee elevation in le pression del vena portal. Quando le pression del vena portal redecresceva, un partial re-elevation del pression systemic de sanguine esseva notate. Iste constatationes, insimul con alterationes pathologic de congestion e hemorrhagia in le vasculatura mesenteric, pare indicar que le choc esseva al minus partialrnente debite al arresto de sanguine in le vasculatura splanchnic. Hypotension immediate esseva evitate per le exclusion del hepate ab le circulation per o hepatectomia o disvascularisation hepatic. Le presentia o absentia de intestino, splen, e pancreas non influentiava le hypotension effectuate per le injection del endotoxina.
Le conformation del choc inducite per endotoxina Gram-negative es simile a choc anaphylactic in tanto que ambes resulta in un precipite reduction del pression sanguinee con elevation in le pression del vena portal. Iste responsa pote esser eliminate per le exclusion del hepate ab le circulation. II ha congestion del hepate. Lesiones hemorrhagic del intestino occurre invariabilemente. Juvene animales es multo plus resistente al letal effectos pathologic e circulatori. E il ha disveloppamento de tachyphylaxis. Multes del profunde effectos biologic de endotoxina pote esser de natura anaphylactic.
Le effectos letal de endotoxina esseva promovite in le absentia del hepate. Iste facto pote esser relationate al basse grados de toleration de infectiones que es characteristic de humanos con dysfunctionamento hepatic. Un simile dependentia del superviventia ab adequate function del hepate que esseva notate per altere autores in hemorrhagic e traumatic choc es interpretate per nos como etiam relationate a un function anti-endotoxic de ille organo.
